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microsomes. Substrate concentrations of 0.5 to 50 M, microsomal protein concentrations of 0.05 to 2 mg/ml, and incubation times of 15 to 240 min were used to optimize the condition of the assay. Instead of treating with detergent, the microsomes were treated with alamethicin (a 20-amino acid ␣-helical pore-forming peptide) at 50 g of alamethicin/mg of microsomal protein on ice for 15 min to diminish the latency of UGT activity (Fisher et al., 2000) . All microsomal incubations contained microsomes treated with alamethicin, 10 mM magnesium chloride, 5 mM saccharolactone (an inhibitor of ␤-glucuronidase), and 14 C-posaconazole in 0.5 ml of 0.1 M Tris-HCl buffer, pH 7.4 (Pless et al., 1999) . Before the addition of UDPGA, the incubation mixtures were prewarmed for 3 min at 37°C. The reactions were initiated by the addition of 2 mM UDPGA, allowed to proceed for 120 min at 37°C, and terminated with ice-cold methanol. The incubation mixtures were vortexed and centrifuged (10,010g) at 4°C for 10 min, and the supernatants were analyzed by HPLC. Incubations without UDPGA and boiled human liver microsomes served as a negative control. For LC/MS analyses, the reactions were either terminated as described above or terminated by cooling in ice-water followed by solid phase extraction.
Determination of enzyme activities of UGT Supersomes and microsomes. The activities of UGT Supersomes (UGT1A1, UGT1A3, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15) and human liver microsomes were determined in assays using HPLC and 7-HFC as substrate according to the UGT Batch Data Sheet provided by BD Gentest. The assay was performed with 1 mg/ml UGT Supersomes or microsomes treated with alamethicin (50 g/ml), 10 mM magnesium chloride, 5 mM saccharolactone, and 50 M 7-HFC in 0.1 M Tris-HCl buffer, pH 7.4. Before the addition of UDPGA, the incubation mixture was prewarmed for 3 min at 37°C. The reactions were initiated by the addition of 2 mM UDPGA and incubated for 20 min at 37°C; the reactions were terminated with 250 l of ice-cold methanol. The incubation mixture was vortexed and centrifuged (10,010g) at 4°C for 10 min, and the supernatants were analyzed by HPLC. The formation of glucuronide was quantitated by comparing to the absorbance of a standard curve for 4-trifluoromethyl-7-hydroxycoumarin glucuronide.
Determination of enzyme activity of UGT1A4 Supersomes using trifluoperazine. UGT1A4 Supersomes do not form glucuronides with 7-HFC as a substrate. Therefore, the activity of UGT1A4 Supersomes was determined in assays using HPLC and trifluoperazine substrate as described by Dehal et al. (2001) with modifications. The assay was performed with 0.5 mg/ml UGT1A4 and 200 M trifluoperazine substrate in 0.1 M Tris-HCl buffer, pH 7.4. The reactions were initiated by the addition of 2 mM UDPGA and incubated for 20 min at 37°C; the reactions were terminated with 250 l of ice-cold methanol. The incubation mixture was vortexed and centrifuged (10,010g) at 4°C for 10 min, and the supernatants were analyzed by HPLC (Dehal et al., 2001) .
Screening of 10 human UGT Supersomes. In vitro screening of 10 human UGT Supersomes (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15) with posaconazole were performed using a constant amount of microsomal protein (1 mg/ml) and 5 and 30 M SCH 56592. All incubations with Supersomes were carried out as described earlier. Insect cell microsomes without UGT cDNA served as the negative control. These samples were also analyzed by LC/MS.
Kinetic parameters (K m and V max ) of posaconazole glucuronidation by UGT1A4 Supersomes was determined as described below. Substrate concentrations of 0.5 to 50 M, UGT protein concentrations of 1 mg/ml, and incubation time of 60 min were used to incubate UGT1A4 to determine K m and V max . The incubation was performed as described above, and insect microsomes without UGT cDNA served as negative control.
Inhibition with chemical inhibitors of UGTs. Inhibition of posaconazole metabolism was evaluated using bilirubin, a known chemical inhibitor of UGT1A4. Human liver microsomes (1 mg/ml) or human UGT Supersomes (1 mg/ml) were preincubated with various concentrations of bilirubin in dimethyl sulfoxide for 15 min at room temperature followed by the addition of buffer, alamethicin, saccharolactone, cofactor, and substrate. The final concentration of the organic solvent in the incubation system was 1 to 3%, and all control incubations contained the same volume of appropriate vehicle. All organic solvents tested up to 3% (v/v) had no effect on the formation of glucuronides. All incubations were carried out as described before except that the concentration of 14 C-posaconazole was 30 M in the case of human liver microsomes and 20 M in the case of UGT1A4. The reactions were initiated by the addition of 2 mM UDPGA, incubated for 120 min (human liver microsomes) or 60 min (UGT1A4) at 37°C, and terminated with cold methanol. The incubation mixture was vortexed and centrifuged (10,010g) at 4°C for 10 min; the supernatants were saved for further analyses by HPLC.
Correlation Study. Ten individual human liver microsomal preparations from 10 individual donors (includes data for UGT-specific enzyme activities) were obtained from BD Gentest. The ability of human liver microsomes from each donor to glucuronidate posaconazole was correlated with the UGTspecific enzyme activities for each sample. The assays were performed as described previously with 30 M substrate and incubated for 120 min.
Analysis of Kinetic Data. Untransformed enzyme kinetic data were analyzed by a nonlinear regression data analysis program (GraFit 4.0; Erithacus Software Ltd., Horley, Surrey, UK), assuming Michaelis-Menten kinetics over the substrate range studied.
Results

Optimization and Incubation with Pooled Human Liver Microsomes. After incubation of 30 M
14 C-posaconazole ( Fig. 1 ) with pooled human liver microsomes and UDPGA, one major glucuronide was observed by radiometric detection (Fig. 2) . As expected, incubation without UDPGA and with boiled microsomes did not yield any glucuronide (results not shown). LC/MS analysis of the extract following incubation of 14 C-posaconazole with pooled human liver microsomes and UDPGA confirmed the presence of glucuronide (m/z 877). A posaconazole-glucuronide at this retention time was observed also in an in vivo study in healthy male subjects following oral administration of posaconazole (P. Krieter, B. Flannery, T. Musick, M. Gohdes, M. Martinho, and R. Courtney, manuscript submitted for publication). Four separate posaconazole-glucuronides were detected in plasma and urine (P. Krieter, B. Flannery, T. Musick, M. Gohdes, M. Martinho, and R. Courtney, manuscript submitted for publication). Based on NMR spectra and electronic calculations, this glucuronide was identified as N-glucuronide (P. Krieter, B. Flannery, T. Musick, M. Gohdes, M. Martinho, and R. Courtney, manuscript submitted for publication). However, the chemical structure of the other three glucuronides has not been identified.
When pooled human liver microsomes were incubated using various protein concentrations (0.05-2 mg/ml) and for various time periods (15-240 min), 1 mg/ml protein and 120 min were found to be optimal based on the linearity and percentage of conversion to its glucuronide. The effect of various substrate concentrations (0.5-50 M) on posaconazole-glucuronides demonstrated that the apparent K m and V max values for the glucuronide formation were 27.9 M and 15.3 pmol/mg protein/min, respectively (Table 1; Fig. 3 ). The intrinsic clearance (V max /K m ) value for the glucuronide was estimated to be 0.55. A substrate concentration of 30 M was chosen for further experiments with human liver microsomes considering the linearity and sensitivity of detection. In the absence of the UDPGA or with boiled microsomes, no metabolite formation was observed.
Activities of Human UGT Supersomes and Human Liver Mi- 
crosomes (Positive Control).
The results of the activity determination of 10 human UGT Supersomes (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15) and human liver microsomes are presented in Table 2 . These results served as positive control for the UGT activities and demonstrated that the Supersomes and microsomes were active. The data from these positive control experiments demonstrate that 7-HFC is a substrate for all UGTs studied except UGT1A4, whereas trifluoperazine is the substrate for only UGT1A4 (Table 2) . Screening with Human UGT Supersomes. Incubation of posaconazole (5 and 30 M) with 10 human UGT Supersomes (UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15) revealed that only UGT1A4 metabolized posaconazole to the major in vitro glucuronide (Fig. 4) . No metabolism was observed with other UGTs and control insect microsomes. The metabolite profiles suggested that only UGT1A4 is primarily responsible for the in vitro glucuronidation of posaconazole (Fig. 2) . The recovery of metabolites from the HPLC column was on average Ͼ96%.
When UGT1A4 Supersomes were incubated using various protein concentrations (0.5-2 mg/ml) and for various time periods (15-120 min), 1 mg/ml protein and 60 min were found to be optimal based on the linearity and percentage of conversion to its glucuronide. Fig. 3 ). Intrinsic clearance (V max /K m ) for this glucuronide was estimated to be 1.06. Inhibition Study. All inhibition studies were performed with pooled human liver microsomes at a drug concentration of 30 M. UGT1A4 Supersomes were also incubated with inhibitors as positive control (20 M posaconazole) to confirm the specificity of the inhibitors. The effect of incubations with UGT1A4-inhibitor and (bilirubin) is presented in Fig. 5 and Table 3 . Bilirubin was shown to be a potent inhibitor of glucuronide formation by human liver microsomes (Ͼ79% inhibition). The IC 50 value was 11.1 M (Fig. 5) . Bilirubin was also an inhibitor of UGT1A4 Supersomes (Table 3) . These results suggested that UGT1A4 might be involved in the formation of glucuronide in human liver microsomes.
FIG. 3. Enzyme kinetics for the formation of glucuronide conjugate of posaconazole (SCH 56592) incubated with pooled human liver microsomes (top panel) or UGT1A4 Supersomes (bottom panel).
Correlation Studies. The rate of formation of 14 C-posaconazoleglucuronide was measured in each of the 10 human liver microsomal samples obtained from BD Gentest and correlated with the biochemical activities data provided by the vendor. Since the biochemical activity data were mediated by specific UGT enzymes, high correlation would suggest that similar enzymes were involved in the formation of metabolites from posaconazole.
The highest correlation between the BD Gentest assay data (n ϭ 10) and the formation of glucuronide was noted for trifluoperazine glucuronidation (r ϭ 0.90) catalyzed by UGT1A4 at 30 M posaconazole (Fig. 6) . Trifluoperazine was reported as a substrate of UGT1A4 in the literature by Ghosheh and Hawes (2002) and Linnet (2002) . There was no significant correlation between estradiol 3-glucuronidation (catalyzed by UGT1A1, r ϭ 0.35) or propofol glucuronidation (catalyzed by UGT1A9, r ϭ 0.38) and posaconazole-glucuronide formation (results not shown). The results of correlation analysis between the enzyme activities and metabolite formation suggested 
Discussion
Incubation of posaconazole with human liver microsomes supplemented with UDPGA resulted in the formation of one major metabolite (Fig. 2) . This metabolite (m/z 877) was identified by LC/MS as the glucuronide of posaconazole (SCH 56592). Formation of this posaconazole-glucuronide was mediated by UGT1A4, based on the metabolite profiles following incubation of posaconazole with cell microsomes overexpressing UGT1A4, high correlation with trifluoperazine glucuronidation, and inhibition by bilirubin (Table 3; .
In vitro incubation with 10 different recombinant human UGT Supersomes showed that only UGT1A4 exhibited activity for the formation of posaconazole-glucuronide (Fig. 4) . Bilirubin is a known specific inhibitor of UGT1A1 in the literature. However, bilirubin was also reported as a substrate and inhibitor of UGT1A4 by Hiller et al., 1999 . Since the results of inhibition studies with recombinant UGT1A4 Supersomes showed that bilirubin was an inhibitor of posaconazole-glucuronide formation from UGT1A4 (Table 3) , it was used as a UGT1A4-inhibitor in this study. At 100 M concentration, bilirubin inhibited formation of the glucuronide from human liver microsomes and UGT1A4 Supersomes by 79.6% and 63.5%, respectively. In addition, there was highly significant correlation between the formation of posaconazole-glucuronide and trifluoperazine glucuronidation known to be mediated by UGT1A4 (Fig. 6) . These results confirmed the involvement of UGT1A4 in the formation of posaconazole-glucuronide. 
